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Abstract 
Net co2 assimilation of leaves at saturating irradiance is often described 
as the difference between the co2-concentration in the intercellular spaces and 
the co2 compensation concentration, divided by a mesophyll resistance. In this 
paper the value of the mesophyll resistance at full light is derived 
directly from the biochemical properties of the carboxylating enzymes and the 
geometry of cell and leaf. This calculation correctly accounts for the difference 
between c3 and c4 plants and gives also values for the mesophyll resistance 
that are in the right order of magnitude. It appears that for cell sizes up to 
-3 -3 1. J 10 em and 0.4 10 em for c 3 and c4 plants, respectively, the co2-gradients 
within the cells are negligible, and that the disadvantage of larger cells may 
be overcome by vacuole formation. 
The factors that govern the co2-compensation concentration at saturation 
irradiance are identified and discussed. 
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meaning 
air filled fraction 
co2 concentration in the cell 
co2 concentration in ambient air 
co2 concentration in intercellular air spaces 
diffusion coefficient 
geometrical factor 
Michaelis-Menten constant for carboxylation 
Michaelis-Menten constant for photorespiratory 
0 2 uptake 
thickness of carboxylating slab 
coefficient for the vacuole effect 
oxygen concentration in cell 
gross co 2 assimilation per leaf area 
net co2 assimilation per leaf area 
respiratory co2 dissimilation per leaf area 
radius of the cell 
radius of the vacuole 
distance from the centre of the cell 
boundary layer resistance 
cellular resistance 
mesophyll resistance 
leaf resistance 
ratio of exposed cell wall area to leaf area 
leaf thickness 
photorespiratory fraction 
cell volume per leaf area 
max1mum velocity of carboxylation 
max1mum velocity of photorespiratory o2 uptake 
carboxylation coefficient 
co2 compensation point 
net 
rate of dark respiration per cell volume 
rate of photorespiration per cell colume 
rate of respiration per cell volume 
net co2 uptake per cell area 
dimension 
-3 g em 
-3 g em 
-3 g em 
2 -1 
em s 
-3 g em 
-3 g em 
em 
-3 g em 
-2 -1 g em s 
-2 -1 g em s 
-2 -1 g em s 
em 
em 
em 
-1 
s em 
-1 
s em 
-1 
s em 
-1 
s em 
em 
3 -1 
em s 
-3 -1 g em s 
-3 -1 g em s 
-1 
em 
-3 g em 
-3 -1 g em s 
-3 -1 g em s 
-3 -1 g em s 
-3 -1 g em s 
-2 -1 g em s 
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Introduction 
Net co2-assimilation (Pn) per unit leaf area is often assumed to be the 
difference between gross assimilation (Pg) and respiratory co2-dissimilation 
(Rd): 
p 
n 
p - R 
g d 
This equation has been further elucidated by using the resistance analog to 
the flow of co2 in the assimilation process (De Wit, 1958; Gaastra, 1959; 
Chartier, 1966; Jarvis, 1971). Net assimilation is then represented as: 
p 
n (C - C.)/(r + r ) a 1 a s 
(1) 
(2) 
1n which Ca and Ci are the co2 concentrations 1n the ambient air and the inter-
cellular air spaces, and r and r the boundary layer and epidermal (stomatal) 
a s 
resistance against diffusion. 
Similarly, the gross assimilation 1s here defined as 
p 
g C./r 1 m 
1n which r is the so called mesophyll resistance for the transfer of 
m 
C02 from the intercellular air spaces to the first biochemical products of 
(3) 
photosynthesis. It will be shown later on that this definition is consistent 
with definitions that are based on net photosynthesis and compensation concen-
tration. The magnitude of this mesophyll resistance is in general calculated 
as a closing entry from assimilation, r and r being estimated from concurrent 
a s 
leaf transpiration and temperature measurements. 
Since it seems, that assimilation is also controlled by this mesophyll 
resistance, many attempts have been made (Chartier, 1970; Jones and Slatyer, 
1972) to segregate this mesophyll resistance into a transport component in 
the aqueous phase from the intercellular air spaces to the sites of carboxylation 
and a carboxylation component. Apart from appropriate assumptions, this analysis 
is based on detailed studies of assimilation data in dependence of light intensity 
and co2 concentration. In general transport resistances were found to be much 
larger than carboxylation resistances, at least at high irraaiance. However, 
the analysis is based on the assumption of linear first order diffusion of co2 
in series, but the actual situation is much more diverse. 
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Once co2 has entered the cytoplasm, there is no finite distance of diffusion 
to the carboxylation sites, because they are distributed throughout the cytoplasm. 
Transport and carboxylation resistances cannot be separated in this case by 
assuming that both are in series. This may be otherwise for very small cells or 
for a distinct ordering of the chloroplasts along the cell wall, in which the so 
called transport resistances are minimal. 
It will be shown that the mesophyll resistance is better understood 
by assuming at first that the carboxylation sites are uniformly distributed 
throughout the cytoplasm and then considering limit situations. This allows 
the computation of mesophyll resistances from several important morphological 
and biochemical characteristics of the leaves without using assimilation data 
and suggests further methods of experimentation and analyses. 
Theory 
An idealized configuration of spherical photosynthesizing cells fully 
surrounded by intercellular air spaces within leaves is used in this analysis 
(Fig. 1). This allows a description of co2 uptake in the cells with the following 
second-order differential equation 
4> = D
2 
~ (r2 dC) 
dr dr 
r 
(.4) 
in which 
is the net co2 uptake (g em 
-3 -1 
<P s ) 
2 -1 
D is the diffusion coefficient (em s ) 
c is the C02 concentration 
-3 (g em ) 
r is the distance from the centre of the cell (em) 
In analogy of equation (1), the net co2 uptake is here also divided into a 
sink and a source term. The sink term represents the carboxylation in the chloro-
plasts and the source term results from at least two decarboxylation processes. 
First, cells carry on metabolic respiration which is identified as dark respiration 
and secondly there may be photorespiration which is associated with carboxylation. 
Therefore the net uptake of co 2 per unit volume can be defined 
in which <Pchl is the gross co2 fixation rate in the chloroplasts 
and ¢ is 
r 
<l>r 11:: cpd + <P 
r pr 
(6) 
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the rate of dark respiration plus photorespiration 
place in the same cells. 
The net assimilation rate ~ may be eliminated from equation (4) 
and equation (5) if it is assumed that the chloroplasts are small and uniformly 
distributed, an assumption which will be considered in more detail later on. 
Since the value of ~chl' the gross uptake by the chloroplasts is certainly 
dependent on the co2 concentration, it is necessary to expand this expression 
further. This is done here on the basis of the work by Charles-Edwards and Ludwig 
(1973), Peisker (1974) and Laing, Ogren and Hageman (1974), who consider the 
carboxylation and photorespiratory decarboxylation of c 3 plants on the biochemical 
level. These analyses show competitive inhibition between co2-fixation and 
photorespiration. Although differing in details, they arrive at similar expressions 
for assimilation and photorespiration per unit cytoplasm at high light intensity 
and low co2 concentrations. Using the symbols of Laing et al., which are most 
directly vizualized in biochemical terms, these are: 
v K c (7) 
c 0 
<f>chl K (K +0) 
c 0 
t v 0 (8) 
0 
<t>pr = (K +0) 
0 
in which 
C and 0 are the carbon dioxide and oxygen concentration at the sites of 
carboxylation, 
V and K are the maximum enzymatic velocity of carboxylation and the 
c c 
Michaelis-Menten constant for carboxylation, 
V and K are the similar constants for the oxygenase reaction and 
0 0 
the constant t(=0.25) is the fraction of glycolate carbon that is released 
in photorespiration. 
The co2-concentration at the site of carboxylation may be considerable 
different from the co2-concentration in the air. The o2-concentration in the 
air is, however, so large that the relation between the o2-concentration in 
the air and at the carboxylation sites is negligible. 
In this formulation photorespiration is independent of the co2 concentration 
and assimilation proportional to the co2 concentration within the intercellular 
spaces. Because of stomatal regulation of this co2 concentration (Raschke, 1975), 
this does not imply that assimilation is also proportional to the co2-concen-
tration of the air. In the case of c 4 plants, K0 is infinite, photorespiration 
- 6-
1s then absent (eq. 8) and the term 
The differential equation for the spherical cells is now 
D d 
2 dr 
r 
dC) 
dr 
V K C 
c 0 
K (K +0) 
c 0 
t v 0 
0 
= - <P - .....-------::-":"'"" dr (K + 0) 
0 
(9) 
The solution for a cell with radius R and a vacuole with radius R is obtained 
v 
by assuming that at the cell surface the co2 concentration is equal to that in 
the intercellular airspace (i.e. C = (r=R) 
no co2 gradient (i.e.( ddc) R 0). 
C.) and that at the tonoplast there is 
1 
with 
and 
and 
r r= 
v 
C = (C. _ r) (cosh(ar) + M sinh(ar)) ! + r 
1 cosh(ar) + M sinh(ar) r 
M 
(K + 0) r = __ o __ _ 
K 
0 
V K 
c 0 
a = ( D K (K +0) 
c 0 
K 
c 
v 
c 
cosh(aR ) - aR sinh(aR ) v v v 
aR cosh(aR ) - sinh(aR ) 
v v v 
The net co2 flux ~ into the cells is g1ven by (D.dC/dr)r=R· The solution in 
-2 -1 . g em s 1s: 
- r)aD ( a.R ) 
This expression may be presented by 
(I 0) 
( 1 1 ) 
(12) 
(13) 
( 14) 
( 15) 
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K (K +0) 
r = ( c o 
c V D K 
0.5 
) /G 
c 0 
The geometrical factor G is given by 
G = tanh(a.R)+M 
l+M tanh(a.R) a.R 
G varies from zero to one, as will be discussed later. 
( 16) 
(17) 
Assuming that all cells in the leaves are equally productive, the net 
assimilation rate of the whole leaf is obtained by multiplying the net assimilation 
of the cells by the ratio S of the cell wall area exposed to the air in the 
intercellular space to the external leaf area, which results in 
P = (C. - r) S/r 
n ~ c 
This equation is similar to equation (1), so that the mesophyll resistance 
defined in equation (3) is given by: 
r 
m 
( 18) 
(19) 
In this way the mesophyll resistances and co2-compensation points in the 
co2-dependent, but light independent range of assimilation are fully expressed 
1n biochemical, geometrical and structural parameters which may be determined 
in principle independently of any direct measurement of assimilation. 
Biochemical aspects 
Apart from the geometrical factor, G, the mesophyll resistance is governed 
by the parameters: D, V , K , K and the oxygen concentration. For c4-plants c c 0 
and for c3-plants at near zero oxygen concentration (K +0)/K vanishes or approaches 0 0 
one. It ~~1. that at normal temperatures K
0 
is equivalent 
with 29 percent oxygen in the air, so that at normal oxygen concentrations 
(K +0)/K =(29+21)/29 = 1.7. From the data of Charles-Edward and Ludwig, a 
0 0 
value of 72 percent oxygen is calculated, so that this ratio is then 1.3. because 
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~------~--.dapends_o-~~ square root of this ratio, its value is relatively less 
m 
affected by the uncertainty in the value of the constant K • 
0 
Since it is the purpose, to estimate rm independently of co2 assimilation 
measurements from geometrical and biochemical data, the other 
constants are obtained from in vitro measurements. The diffusion coefficient 
is assumed to be the diffusion coefficient of co2 in water and equals 
l.SxJ0-5 cm2 s- 1. To obtain the M-M constant of carboxylation, it is assumed 
that ribulose diphosphate (RuDP) carboxylase catalyses the carboxylation reaction 
and that molecular co2 is the reactive substrate species. Recently Bahr and 
Jensen (1974) extracted from tobacco and spinach leaves RuDP carboxylase with 
-7 -3 
a K value of 7.10 g em , which they assumed to be the active form of RuDP 
in vivo. Chen et al. (1971) found in vitro a maximum carboxylase rate of RuDP 
carboxylase extracted from c3-plants of about 
Assuming a chloroplyll concentration of about 
4xl0-6 g co
2 
s-l (mg chl)-l. 
-3 7 mg em cytoplasm, V equals 
c 
-5 -1 -3 
roughly 3.10 g co2 s em cytoplasm. 
Hence for c3-plants, it is estimated that 
r G S 
m 
Kc(Ko + 0) )0,5 
( V D K =49 s 
c 0 
-1 
em (c3 plants) 
(20) 
Since in vitro determinations of V are almost certainly too small compared 
c 
with in vivo determinations, this is a maximum estimate. However, this is not the 
place to review critically methods and results of determining Michaelis-Menten 
constants and maximum carboxylation velocities. It suffices to state that it 
may be done and that there is scope for improvement of methods. 
For c4-plants it is currently hypothesized that molecular co2 is initially 
fixed into an organic acid by a reaction mediated by phosphoenol pyruvate (PEP) 
carboxylase (Black, 1974) which has a low K value. This is an obvious advantage. 
c 
Maryoma et al. (1966) and Waygood et al. (1969) reported K values of 3.10-7 
-3 c 
g ern . Chen et al. (1971) observed again in vitro that the activity of this 
-6 -1 -1 
enzyme in c4-plants is as high as 9xl0 g co2 s (mg chl) . Assuming the same 
-5 -1 -3 
chlorophyll concentration as before for c3-plants, Vc is about 6.1·0 g C02 s em 
cytoplasm, 
which is more than a factor 2 lower than for c3-plants. Of course 
the value may be also too high because the in vivo maximum carboxylation rates 
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are also probably underestimated by in vitro determinations. 
is 
and 
For further analyses of the geometrical factor G the value of 
V K 
c 0 
a = ( DK (K 
c 0 
also needed. Substituting 
1.1 to3 -1 for c3 a = em 
103 -1 a = 3.0 em for c4 
the above values it is found that 
plants 
plants 
(22) 
These are minimum values because in vitro maximum carboxylation rates are almost 
surely an underestimate of in vivo activity. 
Cell geometry and mesophyll resistance 
According to eq. 19, the mesophyll resistance of the leaf may be found 
by dividing the minimum cellular resistance by the product GS. 
The value of S is unequivocably defined as the exposed surface of the 
cells per unit leaf area. Assuming that the cells of the leaves touch each other, 
so that the exposed and total surface of the cells are the same, its value may 
be derived also by multiplying the measured cell volume per unit leaf area with 
3/R, since the surface-volume ratio of spheres is 4nR2/(4/3nR3). The volume (V) 
per unit leaf area is equal to the thickness T of the leaf times one minus the 
air filled fraction a, i.e.: 
s = (3/R)V = (3/~T(l-a) (23) 
As for G, its general expression in equation 17, may be simplified for 
the case of cells with large vacuoles and for small cells. 
For cells with a large vacuole, the layer of cytoplasm approaches the shape 
of a plane. The equation for G for a plane may be found by a series development 
in (R-R ) of the general expression (eq. 17) or more directly by solving eq. 4 
v 
for linear geometry. This leads to 
G tanh(aL) (24) 
with L the thickness of the layer in which co2 can enter only at one side. Far 
vacuolated cells L equals R-R . The simple eq. (24) is accurate within 10 percent 
v 
when either R /R is larger than 0.9 or aR is larger than 10. 
v 
For non vacuolated cells (R =0), G is given by 
v 
G = coth(aR) - 1/aR (25) 
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since M goes to infinity for R approaching zero. This relation is graphically 
presented in Fig. 2. For aR larger than 10, G is within 10 percent of 1. For 
small cell radii eq. 25 can be approximated by 
G aR/3 (26) 
This approximation is accurate within 10 percent for aR less than 1.2 as can 
be seen in Fig. 2. 
Combining equation 23 and 26 it follows that for these small cells the 
product GS equals 
GS aT( 1-a) (27) 
For larger cells, but at the same leaf thickness, GS is always smaller and the 
mesophyll resistance accordingly larger, since G in eq. 25 increases less than 
proportional with R. Hence eq. 27 gives the maximum value of GS for a given 
volume of cytoplasm per leaf area. According to El-Sharkawy and Hesketh (1965), 
leaf thickness is of the order of 20.10-3 em for c3 plants and 10.10-
3 
em for 
c4 plants. The air filled fraction (a) was about 0.4 for both groups of species. 
The estimated .minimum values for the mesophyll resistance, obtained by 
combining eq. 20 and 21 with eq. 27 are therefore 
3 -3 -1 
rm = 49/(1. 1 10 x 20.10 x0.6) = 3.7 s em (c3 plants) 3 -3 -1 
rm = 17/(3. 10 xlO.lO x0.6) = 0.95 s em (c4 plants) 
Cell radii according to El-8harkawy and Hesketh are about 0.5 10-3 and 
0.35 10-3 em for c3 and c4 plants. With the previous estimates of a, aR is thus 
still below 1.2, so that the assumption leading to eq. 26 is satisfied. 
Even though the estimated mesophyll resistances are close to the actual 
mesophyll resistances there are still some problems which are related to the 
value of S. According to eq. 23, which is implicitely used in eq. 27, the values of 
S are 72 and 52 for c3 and c4 plants, respectively. Experimental values in 
literature consider the area of both top and bottom external leaf surfaces, 
whereas assimilation rates are expressed per unit leaf area. Taking this into 
account, it appears from Turrell's (1936) measurement that S is 13.6 to 19.8 for 
shade leaves, 23.2 to 38.4 for mesomorphic leaves and 34.4 to 62.6 for xeromorphic 
leaves. El-Sharkawy and Hesketh found values of S ranging from 12 to 
plants and from 14 to 20 for c4 plants. All these values are cons 
than those calculated by assuming spherical cells. Hence it could be concluded 
that more than half of the cell surfaces touch each other to such an extent that 
they are not exposed to the air. However, it may be as well that the exposed cell 
surface is considerably underestimated in anatomical studies because of the 
finite thickness of the slices that are analysed. 
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~-----'This term also contains the-cellular resistcntee--r~r--sma-1:-l-sf'herieal cells, 
c 
the cellular resistance is according to eqs. 16 and 26 equal to 
r • 
c 
3 K (K +0) 
c 0 
RVK 
c 0 
so that the respiration in this case equals 
Rd = ~r S R/3 = ~r T(l-a) 
Only in this situation is respiration proportional to the volume T(l-a). 
(29) 
(30) 
Net assimilation, photorespiration and dark respiration may then be added to 
obtain gross assimilation. In general, the cellular resistance is given by eq. 16 
so that the respiration equals 
K D(K +0) 
R = ~ SG ( c 0 )0 • 5 .~ S G/a d r V K '~'r (31) 
c 0 
Compared with the previous situation, the importance of the respiratory term is 
now smaller by the dimensionless factor 3G/(aR) which reflects the internal 
cycling of the respiratory released co2 in the cell. 
Although photorespiration is absent in the absence of oxygen, (equation (8)), 
it is not justified under these conditions to state that photorespiration of a 
leaf equals the difference between assimilation with and without oxygen, or 
to assume that dark respiration manifests itself fully under light. 
Another implication of the present treatment is the interpretation of the 
co2 compensation concentration r in equation 11: 
(K0 +0) Kc r == ~---...:.. K V 
0 c 
This equation suggests that 
function of the presence or 
biochemical properties that 
(32) 
the co2 compensation concentration is not only a 
absence of photorespiration (~ ), but also of the pr 
determine co2 assimilation in full light. Geometrical 
aspects play no role, because no transport of C02 is involved. The 
difference in compensation concentration between c3 and c4 plants is partly due to 
the difference in the ratio (K /V ), but mainly a result of the presence or 
c c 
absence of photorespiration and through the presence or absence of the multiplication 
term (K +0)/K of the dark respiration. 
0 0 
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ne eqrrttiut1 s ign±f±es-a-1-so--that.-s-ue~~mces-DLmesupllill _____ ~--
resistances among cultivars attributable to biochemical characteristics should 
be reflected in r or (~d + ~ ). Moss (1971) observed co2 compensation points r pr 
of plants grown under similar conditions and found r remarkably the same for 
genotypes within species. The carboxylating enzyme is assumed to be the same 
among genotypes, so that variations in r (=S.r ) and the constancy of 
c m 
r suggest that V and (~d + ~ ) vary proportionally (eq. 32). And this 
c r pr 
suggests (compare eq. 29) that dark respiration and photosynthesis under high 
irradiance are proportional for leaves with the same morphology. 
The functional relationship between mesophyll resistance and leaf morphology 
(eq. 27) predicts a positive relation between maximum photosynthesis and leaf 
thickness, which was actually observed by Wilson and Cooper (1967) for grass 
leaves and also by Louwerse and Van der Zweerde (1975) for bean leaves and maize 
leaves. A constant value of the product of leaf thickness and mesophyll resistance 
implies that in case of thicker leaves, the amount of carboxylation enzymes per 
unit surface is increased accordingly. This increase is not necessarily reflected 
in an increased chlorophyll content per unit surface. 
Sun and shade leaves differ in their amount of carboxylating enzymes and in 
their morphology. Once mature, only the biochemical composition may adapt to new 
conditions and this explains why r is not fully adapted by changing shade leaves 
m 
to sunny conditions and· sun leaves to shady conditions (Wassink et al., 1956; 
Bjorkman, 1963). In fact such experiments are a tool to distinguish structural 
and biochemical effects on r . 
m 
Finally it should be recognized that eq. 18 for the net photosynthesis of 
leaves has been derived without assuming a linear first order diffusion pathway. 
It forms the basis to determine experimentally the mesophyll resistance, the 
gross assimilation and the respiratory components in an unambigeous way. 
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